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Abstract:
We have fabricated a large area array of tapered nano-waveguides, which exhibit broadband "trapped rainbow" effect. Considerable fluorescence enhancement due to slow light behavior in the array has been observed. The concept of "trapped rainbow" has attracted considerable recent attention due to such potential applications as optical signal processing and spectroscopy on a chip, and due to expected enhancement o f slow light interaction with matter [1,2]. Here we report on fabrication and testing of a large area array of tapered nano-waveguides, which exhibit broadband "trapped rainbow" effect. The fabricated device is highly suitable for applications in multichannel fluorescence sensors and antibody arrays. Considerable fluorescence enhancement due to slow light behavior in the array has been observed. A commercially available microlens array (30 m pitch, 42 m lens radius) was coated on the microlens side with a 30-nm gold film (Fig.1a) . The array was placed with the gold-coated side down on top of a flat glass slide coated with a 30-nm gold film. Periodic arrangement of nanometer scale gaps between these gold-coated surfaces has been used as an array of tapered optical nano waveguides. In our experiments the gap was filled with alcohol solutions of such widely used fluorescent dyes as fluorescein and rhodamine B. Measured fluorescence spectra of these dyes are shown in Fig.1b . The dispersion law of light in the tapered region of each waveguide can be written as (1) where l =1, 2, 3 … is the transverse mode number, n is the solution refractive index, d(r) is the gap between the gold-coated surfaces, which is a function of radial coordinate r, and k =L is the angular momentum of the photons . The waveguide array was illuminated from the side using 488 nm light from an argon ion laser. Fluorescence excited in the waveguide array was imaged from the top using an optical microscope through the band -pass filter which cuts off 488 nm excitation light. Gradual tapering of each waveguide leads to mode number reduc tion: similar to our observations of the trapped rainbow, only L=0 modes may reach the vicinity of the point of contact between the gold-coated spherical and planar surfaces, and the group velocity of these modes 2 2 1 nd l c c gr (2) tends to zero as d is reduced. As a result, such "stopped light" interacts much stronger with the fluorescent dye molecules which is apparent from the microscopic images of dye fluoresc ence excited in the array of tapered waveguides (Fig.2) . Since the stop radius depends on the light wavelength, different light colors stop at different locations inside the waveguide, which is quite obvious from Figs .2c,d obtained when both fluorescein and rhodamine B where present in the alcohol solution in the gap. The green and orange colored rings around the central circular dark area in Fig.2d each represent a location where the group velocity of the l-th waveguide mode becomes zero. These locations are defined by
where R is the microsphere radius. The increase in interaction time between light and the dye molecules (and the resulting fluorescence enhancement) can be estimated from the fluorescence linewidth of the dyes (Fig.1b) . Assuming that photons at are stopped, and taking into account eq.(2), we obtain 
resulting in the effective interaction time increase by a factor of 3. Quantitative analysis of the cross section (Fig.2b) of the fluorescence image indeed demonstrates approximately factor of 3 enhancement o f fluorescence compared to the background fluorescence observed elsewhere in the waveguide. Note that this three -fold enhancement is observed on top of the enhancement due to waveguide geometry, which typically reaches factors of a few tens [3] . We should also note that the described "trapped rainbow array" scheme is capable of achieving much larger enhancement factors if the fluorescence linewidth is reduced. Together with spatial resolution demonstrated in Fig.2d , these observations indicate that the described experimental arrangement may be used in such important applications as spectroscopy on a chip. By design, our geometry is highly suitable for application in multi-channel fluorescence sensors and antibody arrays in which each tapered gap between t he individual microsphere and the substrate in the array may act as a separate spatially selective fluorescence sensor. 
